It has been postulated that TNF has a pivotal role in a cytokine cascade that results in joint inflammation and destruction in rheumatoid arthritis (RA). To evaluate this, we examined the response of TNF-deficient (Tnf -/-) mice in two models of RA. Collagen-induced arthritis (CIA) was induced by injection of chick type II collagen (CII) in CFA. Tnf -/-mice had some reduction in the clinical parameters of CIA and, on histology, significantly more normal joints. However, severe disease was evident in 54% of arthritic Tnf -/-joints. Tnf -/-mice had impaired Ig class switching, but preserved T cell proliferative responses to CII and enhanced IFN-γ production. Interestingly, CII-immunized Tnf -/-mice developed lymphadenopathy and splenomegaly associated with increased memory CD4 + T cells and activated lymph node B cells. Acute inflammatory arthritis was also reduced in Tnf -/-mice, although again some mice exhibited severe disease. We conclude that TNF is important but not essential for inflammatory arthritis; in each model, severe arthritis could proceed even in the complete absence of TNF. These results call into doubt the concept that TNF is obligatory for chronic autoimmune and acute inflammatory arthritis and provide a rationale for further studies into TNF-independent cytokine pathways in arthritis.
Introduction
The cytokine TNF has a remarkable range of actions in inflammation, infection, and immunity (1) . Rheumatoid arthritis (RA) is associated with local overproduction of TNF, and inhibition of TNF ameliorates experimental arthritis. These data have given rise to a new model for the pathogenesis of RA, which postulates that TNF occupies a pivotal position in a cytokine cascade that regulates the production of inflammatory mediators such as IL-1 (2, 3) . This hypothesis has major implications for understanding RA and also for how it should be treated. However, the absolute dependence of inflammatory arthritis on TNF has never been directly examined.
Collagen-induced arthritis (CIA) is a chronic autoimmune model of human RA that is widely used for dissecting molecular and cellular mediators of this disease, as well as for evaluating possible therapeutic agents. A limitation of this model for the study of transgenic and knockout mice is an apparent MHC class II restriction to the q and r haplotypes (4) . Since knockout mice are usually generated on the 129 or C57BL/6 (B6) genetic backgrounds, both of which bear H-2 b , it has been necessary to backcross knockout mice onto the susceptible DBA/1 (H-2 q ) strain for studies in CIA (5) (6) (7) (8) (9) (10) (11) . However, the close proximity of the Tnf gene to the H-2 locus and immune response genes on chromosome 17 prohibits this approach. We reported recently a new immunization procedure whereby the CIA model can be applied directly to H-2 b mice (12) , thereby circumventing the need for backcross of knockout mice onto the DBA/1 strain.
In keeping with previous roles proposed for TNF, TNF-deficient (Tnf -/-) mice succumbed more readily to challenge with infectious agents and were resistant to endotoxic shock following sensitization with D-galactosamine (13) (14) (15) . Tnf -/-mice had normal peripheral blood leukocyte subsets and normal in vitro function of neutrophils, macrophages, CD4 + cells, and CD8 + T cells (14) . Interestingly, following intraperitoneal injection with LPS (13, 14) , there was normal production of cytokines in Tnf -/-mice, including IL-1β. Tnf -/-mice developed normally apart from absence of Peyer's patches and abnormal microarchitectural lymphoid structure in secondary lymphoid tissues. Although the T and B cell number was not affected, T and B cell regions in lymphoid follicles were disorganized and primary B cell follicles and germinal centers were absent. Ig class switching for T cell-dependent antigens was impaired in 129 Tnf -/-mice (13, 14) , but not B6 Tnf -/-mice (15) .
In this study, we employed B6 Tnf -/-mice to examine the absolute dependence of inflammatory arthritis on TNF. Two models were examined: CIA and methylated BSA/IL-1-induced (mBSA/IL-1-induced) arthritis, an acute monoarticular arthritis. Each of these models has features of human RA. We show that TNF is important but is not absolutely required for either CIA or mBSA/IL-1-induced acute inflammatory arthritis. In each model there was overall reduced disease in the absence of TNF, but severe arthritis still developed in some mice. The profile of inflammatory cytokines found in acutely inflamed synovium was similar in Tnf -/-and wild-type (WT) mice. Unexpectedly, Tnf -/-mice developed lymphadenopathy and splenomegaly in response to immunization with CII/CFA associated with the accumulation of memory CD4 + T cells in both sites and of activated lymph node (LN) B cells. These results question the concept of TNF as an obligatory cytokine in chronic autoimmune and acute inflammatory arthritis, highlight a number of important biological functions for TNF in the adaptive immune response, and may have implications for the increasing clinical use of TNF antagonists in RA.
Methods
Mice. Mice deficient in the Tnf gene (Tnf -/-) were generated by direct gene targeting of B6 embryonic stem cells as described (15) and were provided by M. Smyth (Austin Research Institute, Heidelberg, Australia), with permission from J. Sedgwick (Centenary Institute, Sydney, Australia). Tnf -/-mice were housed in filter-topped cages at all times. B6 mice, obtained from the Walter and Eliza Hall Institute of Medical Research animal services (Kew, Australia), were used as WT controls in all experiments. All animal procedures were approved by the institutional ethics committee.
CIA. Chick type II collagen (CII; Sigma Chemical Co., St Louis, Missouri, USA), dissolved in 10 mM acetic acid at a concentration of 2 mg/ml, was emulsified in an equal volume of CFA containing 5 mg/ml heat-killed Mycobacterium tuberculosis (strain H37Ra; Difco Laboratories, Detroit, Michigan, USA), as described previously (12) . Arthritis was induced by injecting mice intradermally at several sites into the base of the tail with 100 µl emulsion; the process was repeated 21 days later.
Animals were assessed for erythema and swelling of limbs, and a clinical score was allocated to each mouse 2-3 times per week for up to 60 days. The scoring system was as described previously (16) with a maximum score of 12 per mouse. At sacrifice, the paws were removed, fixed, decalcified, and processed for paraffin embedding. Hematoxylin and eosin-stained sections (5 µm) of the front and rear paws of four mice from each genotype with the highest clinical scores were evaluated as described previously (16) . Clinical and histological evaluations were assessed by two independent investigators blinded to the experimental groups. At sacrifice, blood was taken for determination of serum anti-CII Ab.
Acute monoarticular arthritis. Acute monoarticular arthritis was induced and assessed as described (17) . Briefly, mice were injected intra-articularly into the knee joint with 200 µg mBSA (Sigma Chemical Co.), and the contralateral joint received the same volume (10 µl) of vehicle (normal saline). Recombinant human IL-1β (250 ng) was next injected subcutaneously into the footpad and repeated on the subsequent 2 days. Mice were sacrificed 7 days after the initial injections, and the rear limbs were removed and processed, as above, for histological assessment of hematoxylin and eosin-stained frontal sections of the stifle joints. Coded sections were assessed without knowledge of the experimental groups and graded in severity from 0 (normal) to 5 (severe) for five components, including joint exudate, synovitis, pannus formation, cartilage degradation, and bone degradation. Based on the histological scores, joints were classified as demonstrating inflammatory arthritis if there was an exudate score of 1 or more and a synovitis score of 2 or more. Destructive arthritis was defined for joints that scored 2 or more for pannus or 1 or more for either cartilage degradation or bone degradation.
ELISA for detection of Ab's to CII. ELISAs were performed to detect Ab's to CII as described previously (18) . Horseradish peroxidase-conjugated goat antimouse IgG (Sigma Chemical Co.) or IgM (Southern Biotechnology Associates, Birmingham, Alabama, USA) antisera were used as detection Ab's. Standard curves (in arbitrary units per milliliter) for anti-CII IgG and IgM were constructed from the pooled sera of CII hyperimmunized DBA/1 and c-rel -/-mice, respectively.
T cell proliferation assay. These were performed as described (16) . Briefly, inguinal LNs were harvested and pooled from mice (n = 6) 67 days after primary immunization with CII (as described above). LN cells were sieved to form a single cell suspension and washed in RPMI media containing 2-mercaptoethanol (50 µM) and 5% (vol/vol) FCS. LN cells (4 × 10 5 ) in 200 µl media were added to round-bottomed wells in a 96-well plate (Becton Dickinson Labware, Franklin Lakes, New Jersey, USA) and incubated at 37°C (5% CO 2 ) for 72 hours with 0-100 µg/ml (n = 6 wells per group) of denatured CII (boiled for 10 minutes). After 48 hours, aliquots were removed for measurement of IFN-γ. For the final 6 hours of incubation, 5 µCi/ml [ 3 H]thymidine (Amersham International, Amersham, United Kingdom) was added and its incorporation used as a measure of T cell proliferation.
ELISA for IFN-γ. IFN-γ in supernatants from CII-stimulated LN cells was assayed by capture ELISA using paired mAb's (PharMingen, San Diego, California, USA) according to the manufacturer's instructions.
Assay for antinuclear Ab's. Sera (diluted 1:40 in PBS/0.5% BSA) taken from WT (n = 28) and Tnf -/-(n = 26) mice 60-67 days after primary immunization with CII were used for indirect immunofluorescence staining of Hep-2 cells. NOD mouse serum was used as a positive control.
Immunohistochemistry on LN and spleen. Acetone-fixed frozen sections were stained with biotinylated mouse mAb's to B220 (clone RA3.6B2; American Type Culture Collection, Manassas, Virginia, USA) or CD4 (clone GK1.5, gift from T. Mandel, Walter and Eliza Hall Institute of Medical Research). Staining was visu-alized using the VectaStain Elite ABC kit (Vector Laboratories, Burlingame, California, USA), according to the manufacturer's instructions, with diamino-benzidine as the substrate.
FACS analysis. Inguinal LN and spleen cells were sieved to create single cell suspensions and washed in RPMI containing 10% (vol/vol) FCS. Erythrocytes were removed from spleen cell suspensions using red cell removal buffer (0.16 M NH 4 Cl, 0.13 mM EDTA, 12 mM NaHCO 3 ). Cells were stained with Ab's to the following molecules: biotinylated anti-B220 or CD62L (clone MEL-14; PharMingen), followed by streptavidin-phycoerythrin (streptavidin-PE) or Tricolor (Caltag Laboratories Inc., Burlingame, California, USA); PE-conjugated mAb's to CD4 (clone CT-CD4; Caltag Laboratories Inc.), CD8 (clone 53-6.7; Sigma Chemical Co.), CD25 (clone PC61 5.3; Caltag Laboratories Inc.) and CD11b (clone M1/70.15; Caltag Laboratories Inc.), and FITC-conjugated Ab's to CD4 (H129.19; Sigma Chemical Co.), IgM (polyclonal; Southern Biotechnology Associates), neutrophil marker (clone 7/4; Caltag Laboratories Inc.), CD44
(clone IM7; PharMingen), and I-A b (clone M5/114; American Type Culture Collection). The level of nonspecific staining was determined using isotypematched Ab's of irrelevant specificity, and propidium iodide staining was used to assess cell viability (Calbiochem-Novabiochem, La Jolla, California, USA). Cells were analyzed by flow cytometry on a FACScan using Cell Quest software (Becton Dickinson, San Jose, California, USA).
RNase protection analysis of cytokine expression. Acute monoarticular arthritis was induced in mice by injection with mBSA and IL-1β. On day 7, synovial tissue was dissected from the knee joints, snap-frozen, and ground into a powder using a mortar and pestle. Muscle adjacent to the synovium was similarly treated and used as a negative control. Total RNA was extracted using RNAzol B reagent (Tel-Test Inc., Friendswood, Texas, USA) and analyzed for cytokine expression using the RiboQuant RNase Protection System (PharMingen) according to the manufacturer's instructions. The murine cytokine template set mCK2b (PharMingen) was used to obtain radiolabeled antisense RNA probes for IL-1α, IL-1β, IL-1Ra, IL-18, IL-6, IFN-γ, and macrophage migration inhibitory factor (MIF). The mCK3 template set (PharMingen) was used to amplify TNF-α. The housekeeping gene L32 was used as a control for RNA loading in both template sets. Dried polyacrylamide gels were visualized (after an overnight exposure) with a PhosphorImager (Molecular Dynamics, Sunnyvale, California, USA), using Image Quant software.
Statistics. For CIA clinical scores and mBSA/IL-1 acute arthritis histological scores the Mann-Whitney twosample rank test was used to determine the level of significance between means of groups. For data pertaining to serum Ab, spleen and LN weights, and cell numbers, Student's t test for the difference of two means was employed. The incidence of arthritis between different groups and the histological assessments of CIA were evaluated by the χ 2 test. For each test P values less than 0.05 were considered statistically significant.
Results
Tnf -/-mice can develop severe CIA. To examine the requirement for TNF in a model of chronic autoimmune arthritis, B6 WT mice and B6 mice homozygous for a null mutation in the Tnf gene were compared for incidence and severity of CIA induced by intradermal immunization with CII in CFA, followed by a boost injection 21 days later. We showed previously that this procedure reproducibly elicits arthritis in B6 mice and is dependent on T and B cells (12) . Paws were serially assessed and a clinical score given for each mouse according to the procedure outlined in Methods. Tnf -/-mice developed CIA with a lower incidence and severity and a later time of onset than WT mice, although none of these differences was statistically significant (Table 1 ). The clinical scores of the arthritic Tnf -/-mice ranged from 1-12 (median 3) Histological analysis of CIA in Tnf -/-mice. To further evaluate arthritis, hematoxylin and eosin-stained sections of paws from Tnf -/-and WT mice with the highest clinical scores were assessed by histology. Overall, for the Tnf -/-mice there was a significantly greater percentage of joints in the normal category and a significantly lower percentage of joints in the severe category, compared with the WT mice (Figure 1f , P < 0.001 for each), collectively indicating reduced disease. However, 20% of the joints examined from these Tnf -/-mice (i.e., 54% of arthritic joints) showed severe pathology (Figure 1f ) with similar histological features to the most markedly affected WT mouse joints (compare Figure 1, c and  b, respectively) . These included the characteristic features of inflammatory cell infiltration (Figure 1e ) and invasive pannus tissue formation associated with bone and cartilage degradation (Figure 1d, arrow) . These data suggest that TNF plays an important but not indispensable role in CIA and that once disease is initiated, it can proceed fully.
Altered humoral and cellular immune responses to CII in Tnf -/-mice. Both humoral and cellular immune responses to CII are necessary for full development of CIA (12, 19) , so these were investigated in the Tnf -/-and WT mice. Tnf -/-mice had a significantly reduced IgG response, but a normal IgM response, to CII compared with the WT controls (Figure 2a) . Some RA patients treated with TNF antagonists develop new antinuclear Ab's (ANAs). These were not found in any of the Tnf -/-or WT mice (data not shown). To assess the cellular immune response to CII, in vitro T cell proliferation and IFN-γ production were compared for Tnf -/-and WT mice. Inguinal LN cells were prepared from mice following immunization with CII and stimulated in vitro with 0-100 µg/ml of denatured CII. Both Tnf -/-and WT mouse LN cells proliferated to a similar degree in a dose-dependent manner, demonstrating antigen-specific T cell responses (Figure 2b ). In contrast, IFN-γ production was markedly increased in the LN cells of Tnf -/-mice compared with WT mice (Figure 2c) .
Lymphadenopathy and splenomegaly in Tnf -/-mice following immunization with CII. At the time of sacrifice (60-67 days after primary immunization with CII) Tnf -/-mice had markedly enlarged inguinal LNs and spleens compared with similarly treated WT mice (Figure 3, a and b) . Such differences were not apparent in nonimmunized mice (not shown). There was a highly significant increase (P < 0.0001) in the weights of inguinal LNs and spleens from immunized Tnf -/-mice compared with immunized WT mice, but no such difference in naive animals (Figure 3, c and d) . The most striking difference was in the inguinal LNs where CII-immunized Tnf -/-mice had an almost 50-fold increase in weight over naive mice (101.8 ± 7.2 mg versus 2.2 ± 0.2 mg, respectively; mean ± SEM) compared with a 13-fold increase for WT mice (28.6 ± 2.5 mg). While lymphadenopathy was a uniform feature of immunized Tnf -/-mice, there was no correlation between the weights of lymphoid organs and whether the CII- (Figure 4 ). Ab's to CD25, CD44, and CD62L (L-selectin) were used to characterize the CD4 + subset of T cells into recently activated (CD25 + ), naive (CD44 lo , CD62L hi ), or memory (CD44 hi , CD62L lo ) phenotypes (20) (Figure 5a ). Only 3% of the CD4 + cells expressed the early activation marker, CD25 (IL-2 receptor α; data not shown). However, Tnf -/-mice showed a striking increase in memory-type CD4 + T cells after immunization in both the LN and spleen compared with WT mice (Figure 5b , P < 0.05 and P < 0.01, respectively), which most likely accounts for the enhanced CII-specific IFN-γ production seen in vitro (Figure 2c ).
Tnf -/-mice can develop severe, acute inflammatory arthritis.
To evaluate the role of TNF in acute arthritis, we employed a model that develops over 1 week and is dependent on exogenous IL-1 (17, 21) . Mild inflammation induced by a single intra-articular injection into the knee joint with mBSA is exacerbated by systemic administration of IL-1β on days 0-2 and occurs in all mBSA-injected joints. Mice were sacrificed 7 days after primary injection, the time of most severe changes in the joint (21) , and the knee joint sections assessed histologically. The mBSA-injected joints of Tnf -/-mice showed histopathological responses ranging from mild to severe. Figure 6 shows an example of the severe histopathology observed in some Tnf -/-mice ( Figure 6c ) alongside a typical WT mouse response (Figure 6b ). The response in these Tnf -/-mice was similar in all respects to severely affected WT mice, with inflammatory cell infiltration, synovial thickening, and pannus-associated cartilage and bone degradation clearly evident (Figure 6d ). Joint exudate cells ( Figure  6e ) and the occasional presence of sterile microab- scesses in the subsynovial tissue and infrapatella fat pad ( Figure 6f ) were observed in both WT and Tnf -/-mice. Saline-injected contralateral control joints were normal for each genotype (Figure 6a ). When knee sections were graded histologically from 0 (normal) to 5 (severe) for the features of joint space exudate, synovitis, pannus formation, cartilage, and bone loss, Tnf -/-mice collectively had significantly lower scores for each feature compared with WT mice (Figure 6g ). The incidence of inflammatory (9/22 vs. 19/22; P < 0.005) and destructive (12/22 vs. 20/22; P < 0.01) arthritis were both lower in Tnf -/-mice compared with WT mice.
Normal inflammatory cytokine expression in synovial tissue of Tnf -/-mice. To determine which proinflammatory cytokines could be contributing to arthritis that develops in the absence of TNF, RNase protection analysis (RPA) was performed on RNA extracted from the synovial tissues of Tnf -/-and WT mice 7 days after the induction of acute inflammatory arthritis. With the exception of TNF, which was absent from the Tnf -/-synovium (Figure 7b ), the profiles of key proinflammatory cytokines and IL-1Ra were similar for Tnf -/-and WT mice (Figure 7a ). Relative to the housekeeping control L32, mRNA for IL-1α, IL-1β, IL-1Ra, IL-18, IL-6, IFN-γ, and MIF were detected at comparable levels for each genotype. Muscle, which served as a negative control, showed protected fragments for IL-1α and MIF only.
Discussion
There is considerable evidence suggesting an important role for TNF in RA. TNF has been detected in RA synovial fluids and tissue (22, 23) and is a potent modulator of leukocyte, synovial cell, and chondrocyte function (24, 25) . In animal studies, dysregulated TNF production led to chronic, inflammatory polyarthritis, which was inhibited by mAb's to TNF (26) . Blockade of TNF activity with mAb's (27, 28) (TNFR/Fc) fusion proteins (7, 29) reduced the severity of CIA in mice. Consequently, TNF has been postulated as having a pivotal role in RA (3). Biological antagonists of TNF have been introduced recently for the treatment of RA and represent the first attempt to modify the course of a chronic autoimmune disease through blockade of a single cytokine. Treatment with mAb's to TNF or with soluble TNFR has produced impressive responses in some patients with RA, which has been interpreted as validation of the TNF hypothesis (30). However, not all patients with RA respond to TNF antagonists (31) , and the absolute requirement for TNF in immune models of joint inflammation has never been directly examined. In previous studies using neutralizing Ab's to TNF (27, 28) or soluble TNFR (7, 29) in the CIA model, it has not been clear whether residual disease was due to incomplete neutralization of TNF at all relevant sites. TNFR1-deficient mice, backcrossed onto the DBA/1 background, showed reduced and delayed CIA compared with WT mice (7). However, since soluble TNFRs also function as physiological antagonists of TNF through competition with membrane-bound receptors for ligand, studies in mice lacking only TNFR1 but still retaining TNFR2 do not necessarily predict the effects of complete TNF deficiency on disease.
In this study, we examined Tnf -/-mice in both CIA and acute destructive arthritis (mBSA/IL-1) models to determine whether TNF is an absolute requirement for the development of inflammatory arthritis. Our data showed that TNF is important, but is not essential for full expression of either acute or chronic arthritis. Based on histological analyses, Tnf -/-mice showed a significantly reduced degree of arthritis in each model; however, in some individuals severe disease still occurred. These mice showed disease features characteristic of those observed in severely affected WT mice. Namely, there was marked inflammatory cell infiltrate, comprising both mononuclear and polymorphonuclear cells, within the joint space and subsynovium. Extensive cartilage and bone erosions associated with fibrous-like pannus tissue were also evident. Therefore, in the absence of TNF, both the inflammatory and destructive components of disease could proceed. Arthritis in Tnf -/-mice might therefore parallel variable clinical responses to TNF antagonists in RA and provide valuable insights into TNF-independent mechanisms.
If TNF is the critical initiator of cytokine production in inflammatory arthritis, substitution of the next major "downstream" cytokine should compensate for the absence of TNF. The dependence of our acute model of arthritis on IL-1 also allowed us to test this hypothesis. IL-1 treatment did produce a similar profile of key inflammatory cytokines in acutely inflamed synovium of Tnf -/-and WT mice; however, the overall severity of arthritis in this model was in fact reduced in Tnf -/-mice. These results are not consistent with a simple, dependent relationship between TNF and IL-1 and suggest that more complex interactions between TNF, IL-1, and other inflammatory mediators occur in vivo. In terms of human disease, this scenario implies greater variability in the cytokine dysregulation that occurs in RA, including the possibility that TNF may not be important in some patients.
Our studies of CIA using Tnf -/-mice revealed several unexpected findings, which have potential clinical We show that TNF -whether through direct effects on B cells or indirectly through effects on LN cellular organization or CD40 ligand -plays an important role in this process. Decreased production of anti-CII IgG could account for reduced CIA because this model requires B and T cell responses to CII (12, 19) . Chronic TNF blockade in patients may therefore reduce isotype switching in B cells, which could increase susceptibility to infection and impair vaccination responses. In contrast, the T cell proliferative response to CII was preserved in Tnf -/-mice, and IFN-γ production was actually enhanced. Lymphadenopathy and splenomegaly, associated with an increase in the number of CD4 + memory T cells at both sites and with activated B cells in inguinal LNs, was another unexpected finding in Tnf -/-mice. This was only evident after immunization and was most marked several weeks after the secondary boost. Previous studies of Corynebacterium parvum infection in Tnf -/-mice showed decreased early disease, but greater infection and tissue damage subsequently (14) . TNF is conventionally considered a proinflammatory cytokine, but these results imply a role for TNF in limiting inflammatory responses. Consistent with this, exogenous TNF can delay the development of murine autoimmune lupus nephritis (32) and prevent diabetes in NOD mice (33) , while TNF deficiency can result in the acceleration of lupus nephritis (34) and more severe experimental autoimmune encephalomyelitis in mice (35) . Similar biphasic roles have been recently discovered for other cytokines, such as IL-12 and IFN-γ (36-38).
To our knowledge, lymphadenopathy or splenomegaly has not been a feature of patients treated with TNF antagonists, but new ANAs are relatively frequent, and increased numbers of IFN-γ producing cells are found in the peripheral blood (39) . Interestingly, treatment of RA patients with IFN-γ was also associated with new ANAs (40) . Despite a greater number of memory CD4 + T cells in the LN population and increased IFN-γ production, we found no apparent enhancement of antigen-induced T cell proliferation in Tnf -/-mice. TNF may therefore downregulate IFN-γ production, mediate apoptosis of memory T cells (41) or inhibit the development of Th1 T cells. Accumulation of CII-reactive T cells, but reduced inflammatory arthritis, seems paradoxical. TNF regulates leukocyte trafficking through effects on chemokine production and expression of endothelial cell adhesion molecules (42) (43) (44) . Although most attention has focused on the synovium, our data suggest the beneficial effect of TNF antagonism in RA may be partly due to impaired leukocyte exit from the lymphoid compartment.
The introduction of TNF antagonists for the treatment of RA has been a major clinical advance and is an opportunity to gain further insight into the pathogenesis of this common disease. Preclinical data, together with some dramatic clinical responses to TNF antagonists, led to an important hypothesis regarding the regulation of cytokine production in joints by TNF. However, our data are not consistent with TNF playing an obligatory role in a cytokine cascade leading to inflammatory arthritis and suggest that more complex biological interactions occur in vivo. Most importantly, we show that TNF is dispensable for severe inflammatory joint disease, which provides a strong rationale for investigation of TNFindependent pathways in RA. 
